Ingots of ferritic stainless steels, Fe-24Cr and Fe-24Cr-2Mo in mass%, were worked to various dimensions for test specimens. Nitrogen was absorbed by the specimens in a furnace filled with nitrogen gas with a pressure of 101.3 kPa at 1473 K to develop a simple and convenient manufacturing process of nickel-free austenitic stainless steels. Ferritic Fe-24Cr and Fe-24Cr-2Mo were austenitized with nitrogen absorption to a 2-mm depth from the surface. The hardness, tensile strength, 0.2% proof stress, and elongation to fracture increased, and the reduction of area decreased in the alloys by austenitization due to nitrogen absorption. The tensile strength and 0.2% proof stress of these alloys with nitrogen absorption for 129.6 ks were much larger than those of 316L steel, while the elongation to fracture was much smaller than that of 316L steel. Therefore, small devices and parts with a maximum thickness or diameter of 4 mm were manufactured with this process in this study.
Introduction
Nickel-free austenitic stainless steel, having a high concentration of nitrogen without nickel showing high strength and corrosion resistance, has been developed, because nitrogen is an austenite former as well as nickel. As nickel-free austenitic stainless steels, Fe-15Cr-(10-15)Mn-4Mo-0.9N, Fe-18Cr-18Mn-2Mo-0.9N, Fe-(15-18)Cr-(10-12)Mn-(3-6)Mo-0.9N,Fe-(19-23)Cr-(21-24)Mn-(0.5-1.5)Mo-(0.85-1.1)N (BioDur®108), and Fe-23Cr-2Mo-1.5N in mass% have been developed [1] [2] [3] [4] [5] . However, nickel-free austenitic stainless steels are generally difficult to work with for the production of thin plates, wires, and small devices because the work hardening is large and the thermal conductivity is small in austenitic stainless steels [6] . The production of a small device with austenitic stainless steel is expensive, and the dimensions of commercial products are limited.
Therefore, a new manufacturing process of austenitic stainless steel by nitrogen absorption is feasible. Ferritic stainless steels have good formability and machinability. Hence, a ferritic stainless steel is first worked to a final product shape and is then austenitized with nitrogen adsorption. Eventually, nickel-free austenitic stainless steel products and small precision devices are easily obtained with this process.
In this study, nitrogen absorption behavior of pre-formed ferritic stainless steels and changes in the mechanical properties and microstructures were investigated to develop a process for the production of small precision devices with the combination of machining and nitrogen absorption. In addition, the mechanical properties and microstructures of the resultant nickel-free austenitic stainless steels were evaluated, and the effects of nitrogen absorption on them were investigated.
Experimental Procedure
Specimen Preparation. Ingots with 3.5 kg of Fe-24Cr and Fe-24Cr-2Mo in mass% were prepared by a vacuum high-frequency induction melting process. The chemical compositions of the ingots are listed in Table 1 . Plates (1.5 mm in thickness) and rods (9.8 mm in diameter) were obtained through hot and cold forging. For comparison in tensile tests, solution treatment was conducted with 316L steel rods (25mm in diameter) at 1353 K for 600 s, followed by quenching. The chemical composition of the 316L steel employed in this study is given in Table 1 . Specimens for X-ray diffraction (XRD) (15 mm in length, 15 mm in width, and 1.5 mm in thickness), specimens for nitrogen analysis (5 mm in diameter and 50 mm in length), and specimens for the tensile test (4 mm in diameter and 30 mm in gage length) were prepared from the plates and rods of the alloys with machining using a lathe turning machine and a milling machine. For a tensile test of 316L steel, specimens with the same dimension were prepared as control material using the above process. Tensile axis was parallel to the forging direction in specimens for tensile tests.
Nitrogen Absorption. Specimens were polished with #600 SiC paper in water and then ultrasonically rinsed in acetone for 300 s. After rinsing, the specimens were separately fixed to a 304 steel stage. The area for nitrogen absorption in the specimens did not contact the stage. The stage with the specimen was inserted into a nitrogen absorption furnace. The pressure of the inside of the furnace was reduced to 2 Pa, and nitrogen gas (<99.99%) was introduced and continuously blown into the furnace to maintain a pressure of 101.3 kPa. The temperature of the furnace was increased from ambient to 1473 K at a rate of 0.08 K s 1 and kept for time for 43.2 ks, 86.4 ks, and 129.6 ks. Immediately after heating, the specimen was quenched into a water bath. The scale was removed with #600 SiC paper in water except for the tensile test specimens.
Examination of microstructure and mechanical properties.
Gripped parts of tensile test specimens were employed for microstructural observation with an optical microscope. Microstructures of specimens with and without nitrogen absorption were finally polished with #600 SiC paper and buffed. After eching with a Villela reagent (HNO 3 : HCl : glycerin = 10ml : 25ml : 25ml), the microstructure was observed with an optical microscope. Phases of specimens for X-ray diffraction with and without nitrogen absorption were identified using X-ray diffractometry (XRD) with CuK radiation (40 kV and 300 mA). Tensile tests were performed in air using an Instron-type tensile testing machine with a capacity of 100 kN to estimate the changes in tensile properties with nitrogen absorption. The crosshead speed was 8.33 x 10 -6 m s -1 . Ultimate tensile strength, 0.2% proof stress, and elongation to fracture were estimated throughout the tensile test. At least, three measurements were carried out under the same conditions, and the mean values were calculated. 
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Results and Discussion
Changes in microstructures by nitrogen absorption. Figure 1 shows nitrogen amounts absorbed into the specimens of Fe-24Cr and Fe-24Cr-2Mo with a pressure of 101.3 kPa at 1473 K as a function of absorption-treatment time. The amounts of nitrogen in Fe-24Cr and Fe-24Cr-2Mo at 129.6-ks absorption are 0.88 mass% and 0.92 mass%, respectively. The XRD profiles of the alloys with and without nitrogen absorption are shown in Fig. 2 . Only the diffraction pattern of ferrite ( phase) is observed from both Fe-24Cr and Fe-24Cr-2Mo without nitrogen absorption, indicating that the structure is consisted of only . On the other hand, only austenite ( phase) is observed from the alloys with nitrogen absorption regardless of the treatment time, indicating that the structure is consisted of only . Using an XRD, neither CrN nor Cr 2 N was identified in any specimen with nitrogen absorption, indicating that no nitride was formed in Fe-24Cr and Fe-24Cr-2Mo with nitrogen absorption. Figure 3 shows the microstructures of Fe-24Cr-2Mo with 129.6-ks nitrogen absorption and without nitrogen absorption. Only coarse is observed in the alloy without nitrogen absorption, which agrees with the results from XRD. On the othe hand, only is observed in the alloy with 129.6-ks nitrogen absorption. Fe-24Cr and Fe-24Cr-2Mo can be austenitized with nitrogen absorption treatment for 129.6 ks to a depth of 2.0 mm from the surface.
Changes in tensile properties by nitrogen absorption. Tensile properties of Fe-24Cr and
Fe-24Cr-2Mo with and without nitrogen absorption treatment are shown in Fig. 4 . Figure 4 contains the results in 316L steel for comparison. The tensile strength and elongation to fracture of Fe-24Cr-2Mo (681 MPa and 25%) are larger than those of Fe-24Cr (534 MPa and 8%) before nitrogen absorption, respectively. The tensile strength of both alloys with nitrogen absorption is larger than that of 316L steel, while the elongation of both alloys is smaller than that of 316L steel. The ultimate tensile strength, 0.2% proof stress, and elongation to fracture of Fe-24Cr and Fe-24Cr-2Mo increases with nitrogen absorption. As mentioned, complete austenitization of a whole test specimen was performed after 129.6 ks, indicating that data from 129.6-ks specimens is equal to those from completely austenitized test specimens. The tensile strength and elongation to fracture of Fe-24Cr and Fe-24Cr-2Mo with 129.6-ks nitrogen absorption are 823 MPa and 24% and 982 MPa and 45%, respectively. The tensile strength is larger, and the elongation to fracture is smaller than those of 316L steel.
Conclusions
The ultimate tensile strength, 0.2% proof stress, and elongation to fracture of Fe-24Cr and Fe-24Cr-2Mo increases with nitrogen absorption. The tensile strength is larger, and the elongation to fracture is, however, smaller than those of 316L steel. The complete phase is obtained from the surface to a 2-mm depth in Fe-24Cr and Fe-24Cr-2Mo with nitrogen absorption at 1473 K for 129.6 ks. In the case of foil and wire, the austenitizing with nitrogen absorption can be completed in less time. Furthermore, since grain growth is minimum, the potential for balance between strength and ductility is good. Therefore, small devices and parts with a maximum thickness or diameter of 4 mm can be manufactured using the process described in this study. 
